ABSTRACT: Monolayers of transition metal dichalcogenides (TMDCs) exhibit excellent electronic and optical properties. However, the performance of these two-dimensional (2D) devices are often limited by the large resistance offered by the metal contact interface. Till date, the carrier injection mechanism from metal to 2D TMDC layers remains unclear, with widely varying reports of Schottky barrier height (SBH) and contact resistance ( ), particularly in the monolayer limit. In this work, we use a combination of theory and experiments in Au and Ni contacted monolayer MoS2 device to conclude the following points: (i) the carriers are injected at the source contact through a cascade of two potential barriers -the barrier heights being determined by the degree of interaction between the metal and the TMDC layer; (ii) the conventional Richardson equation becomes invalid due to the multi-dimensional nature of the injection barriers, and using Bardeen-Tersoff theory, we derive the appropriate form of the Richardson equation that describes such composite barrier; (iii) we propose a novel transfer length method (TLM) based SBH extraction methodology, to reliably extract SBH by eliminating any confounding effect of temperature dependent channel resistance variation; (iv) we derive the Landauer limit of the contact resistance achievable in such devices. A comparison of the limits with the experimentally achieved contact resistance reveals plenty of room for technological improvements.
I. INTRODUCTION
Two-dimensional transition metal dichalcogenides (TMDCs) are promising materials for novel electronic and optoelectronic device applications (1, 2) . Monolayer and few-layers of these materials have been shown to be very promising for light generation (3, 4) and detection (5, 6) applications. On the other hand, the ability to suppress surface roughness scattering at sub-nm thickness, coupled with an appreciable bandgap, makes them promising candidate to enable logic transistor scaling beyond 10 nm (7) . However, the performance of most of these electronic and optoelectronic devices are bottlenecked by a relatively large parasitic contact resistance (8, 9, 10, 11) . On the contrary, in photodetection applications, metal/TMDC interface plays active role in enhancing photoresponse (12, 13) . Thus, it is important to understand the nature of the interface between the metal and the TMDC in these devices. However, despite its importance, there has been a limited effort to understand the origin of the intrinsic mechanisms that control the characteristics of such interface.
The Schottky barrier height and the contact resistance of a metal/TMDC interface have been reported in the past (14) (15, 16, 17, 18, 19, 20, 21, 22) (23, 24, 25) , however, with a large spread, particularly at the monolayer limit (8, 26, 27, 28, 29, 30) . In this work, we use a combination of abinitio theory, systematic experiments, and modeling to reveal the underlying mechanisms that control the SBH and the contact resistance. With the help of ab-initio calculation and material characterization, we first study the modification of electronic properties of monolayer MoS2 underneath the metal contact due to metal induced charge transfer. Next, we propose a two-barrier carrier injection model arising from such charge transfer between contact metal and 2D material underneath. We then derive the corresponding modified Richardson equation of such composite barrier based on Bardeen-Tersoff theory. The magnitude of the effective potential barrier is obtained experimentally by using a novel TLM based extraction methodology, and is found to be a strong function of device operating condition. This extraction method carefully excludes any ambiguity resulting from channel resistance variation due to temperature. Further insights into the mechanism is obtained by validating the experimental results with solution of 1-D coupled
Poisson-Schrodinger equations. Finally, the Landauer limit (35) of the contact resistance achievable in such structure is derived analytically and compared with the experimental results.
All the results described below are based on Au and Ni contacted monolayer MoS2 devices, but the conclusions remain qualitatively valid for a generic top contacted layered semiconductor interface if the thickness of the semiconductor remains close to the two-dimensional limit. Figure 1 shows the schematic diagram of a monolayer MoS2 film on SiO2/Si substrate and contacted by metal pad from top. Along the channel direction, such a contact, in general, has been treated like a conventional metal-semiconductor band bending (14) with strong Fermi level pinning and tunneling induced field emission. However, note that, there is no provision for band bending vertically downward in the ultra-thin sandwich layer. This forces the carrier injection mechanism as a cascade of multiple processes (30, 36) , as schematically shown in Figure 1 : (i) vertically downward injection of carriers to the thin film underneath the metal, where the 2-D film is modified electronically due to proximity of metal, (ii) horizontal transport of carriers through the modified 2-D film underneath the metal contact (the current crowding regime), and (iii) horizontal injection of carriers to the channel over a second barrier arising from the doping difference between the 2-D films under the metal contact and the 2-D film in the channel.
II. NATURE OF CARRIER INJECTION AT SOURCE JUNCTION
Consequently, such a cascaded carrier injection process can be modeled as a series combination of two diodes and a resistor at the source end. Before going into the details of the carrier injection mechanism through such cascaded processes, we first discuss the properties of the monolayer MoS2 film underneath the metal contact.
III. MODIFIED ELECTRONIC PROPERTIES OF MONOLAYER MOS2 IN PROXIMITY OF METAL
Clearly, the 2-D film underneath the contact plays the mediating role between the source and the channel in the carrier injection process. Former ab-initio calculations have been performed to study interfaces between TMDC monolayers and metal surfaces (31, 32, 33, 34) . We use ab-initio calculation to obtain the insights into the charge transfer between metal (Au or Ni) and monolayer MoS2. As sulfur vacancies (SV) are considered as one of the most probable defects in MoS2, we consider both with and without SV cases. This is followed by optical and electrical characterization of monolayer MoS2 film in proximity of metal.
A. Ab-initio calculation details
The MoS2/Au interface is constructed by combining the 4×4×1 monolayer of Au [111] surface on 4×4×1 monolayer of 1H-MoS2. Due to the mismatch in the lattice parameters of Au [111] and 1H-MoS2, there is an initial lateral strain of ~ 9.7% on the Au layer, which, after structural relaxation, turns out to be 6.08%. In a similar procedure, keeping a minimal lattice parameter incongruity, MoS2/Ni interface is built by combining a 5×5×1 monolayer of Ni [111] surface on 4×4×1 monolayer of 1H-MoS2 with 1.5% initial lateral strain lateral strain on Ni-layer, which, after structural relaxation remains almost the same. To avoid replication from the z-directional periodicity, a vacuum of 10 Å was added both above and below the constructed interface. These interfaces are also investigated in presence of ~ 6% sulfur vacancies (SV), known to be the most common defect to occur in 1H-MoS2. Thus, we investigate four such interfaces, viz. Au, Au + SV, Ni and Ni + SV with 1H-MoS2. To resemble the realistic experimental scenario, we have also investigated the interfaces of monolayer MoS2 and bilayer metals.
These interfaces were explored with the help of ab-initio Density-functional theory (DFT) based formalism using plane-wave pseudopotential approach using projector augmented wave (PAW) potentials as implemented in Vienna Ab-initio Simulation Package (VASP). Electron correlation within the system is treated using Perdew-Burke-Ernzerhoff exchange-correlation functional under spin-polarized generalized-gradient approximation (GGA). Ionic and lattice parameter optimization of the constructed interfaces are obtained by conjugate gradient algorithm until the Hellmann-Feynman forces on each ion is less than 0.01eV/Å. To account for the interface-induced dipolar interaction, we have incorporated the van der Waal corrections by using Grimme DFT-D2 method (37) . In this method, a semi-empirical dispersion potential is added to the conventional density functional energy after taking care of inter-surface interactions. For self-consistent calculations and structure optimization, an energy cut-off of 500 eV is used with a k-point mesh size 5×5×3.
B. Ab-initio results
The layer (LPDOS) and orbital (OPDOS) projected density of states are summarized in Figure   2 sharing between Ni and S is more favourable than Au, as Au has relatively more closed shell structure, while Ni has a partially filled valence 3d-orbital. We have started with a distance of 3.2 Å between both of the layers for all four cases. After relaxation, the average distance between Au and 1H-MoS2 becomes ~ 3 Å. The value for Ni turns out to be ~ 2.2 Å. The average distance reduces to 2.8 Å and 2.0 Å for Au + SV and Ni + SV cases respectively, implying proximity of the metal layer to 1H-MoS2 in presence of SV.
In monolayer MoS2, the -bonded S-px, py and Mo-dxy, dx2-y2 and d3z2-1 orbitals populate the states at the top of the valence band and bottom of the conduction band in the bonding and antibonding manifold respectively. Au layer, having a filled 5d orbital and delocalized 6s electrons, transfers its 6s electrons to the Mo-4d orbitals via S-3px and 3py. A close observation of Figure 2 (b) unveils that the Au-S hybridized bonding orbitals populate energy states from -1.5 to -3 eV, which are filled Au-5d states. The charge transfer from Au-6s to S or Mo renders a delocalization of Au-6s electrons. The states from -1.5 eV to -0.4 eV are having more Mo-4d and S-3p bonding characters than Au-6s, implying the already occurred charge transfer from Au layer to MoS2. These transferred electrons fill up the Mo-dxy, dx2-y2 and d3z2-1 orbitals and thereby shifts the EF towards the conduction band. Due to such complete charge transfer, probability of formation of gold sulphide is less. In presence of SV, the shift of EF is more, as the absence of S-3p orbital allows direct charge transfer from Au-6s to Mo-4d, implying an increase in the extent of n-type doping.
Bader analysis for charge transfer has revealed that for Au and Au+SV cases, there is an average charge transfer of 0.8e and 1.5e per atom respectively from Au to the MoS2 layer. This interfacial charge in calculated after integrating the charge over a volume around the interface between two specific z-values. Less amount of charge at the Au/MoS2 interface (than Ni/MoS2 interface as discussed later) and more localized charge distribution at the individual layer suggests tunnelling nature of charge transfer for Au/MoS2 contacts (38) .
The presence of partially filled 3d orbitals makes Ni a better contact for MoS2. Ni/MoS2 interface, both with and without SV, exhibit metallic property [ Figure 2 For the sake of completeness, we intend to study whether the nature of metal contacts remains same with increasing thickness of MoS2. Therefore, in Supplemental Material S1, we discuss the DFT results of a bilayer metal/bilayer MoS2 system and observe that the above-mentioned metal/MoS2 interfacial effects remain qualitatively similar.
C. Experimental results -optical characterization of charge transfer
To support the analysis of metal induced charge transfer effects on electronic properties of monolayer MoS2, we now experimentally characterize a monolayer thick MoS2 film in close proximity of metal. However, in a typical "MoS2-bottom/metal-top" contact structure, it is difficult to characterize the inaccessible MoS2 film underneath the metal. To avoid this problem, we prepare two sets (Au and Ni) of "metal-bottom/MoS2-top" structures, as mentioned below. In this structure, we characterize the MoS2 film both optically, as well as using KPFM, while maintaining the proximity of metal states.
To obtain the proposed structure, periodic structures of 4 m wide Au, and separated by 4 m are obtained on a 285-nm thick SiO2 layer on Si substrate using photolithography, followed by e-beam evaporation of metal and subsequent lift-off. A similar sample is prepared for Ni as well.
Monolayers of MoS2 layers are exfoliated on top of this, and only those monolayers are selected which connect at least two parallel metal lines. The thickness of the MoS2 flake is confirmed by optical contrast in a microscope on the SiO2 portion and also by measuring the separation between the A1g and the E 1 2g Raman peaks.
Photoluminescence (PL) and Raman spectra were taken using a 532-nm laser focused using 100X
objective. The Raman shift of the A1g peak for monolayer MoS2 on metals [ Figure 4 (a)-(b)] shows a larger broadening compared with a sample on SiO2, while the E 1 2g peak broadening remains almost substrate independent. Such broadening can be attributed to anharmonicity due to laser induced heating (39) and substrate induced doping (40) . However, larger broadening for monolayer samples on metals cannot attributed to the heating effect owing to better heat conduction by metal compared with SiO2. This suggests that the additional broadening occurs due to metal induced charge transfer effect. By comparing the obtained Raman peak shift and full width at half maximum (FWHM) with the data presented in ref. (40), we estimate the doping density in our monolayer MoS2 samples to be ≈ 2.5 × 10 12 cm -2 and ≈ 9.7 × 10 11 cm -2 for Ni and Au substrates, respectively. Also, the photoluminescence intensity of A1s exciton peak is found to be As Raman data suggests that Ni causes higher doping than Au, a lower for Ni suggests a formation of Schottky barrier in DH due to large density of bandgap states in MoS2 under Ni.
Heavier source doping caused by Ni would have otherwise resulted in larger in a purely doping difference induced barrier.
IV. CARRIER INJECTION MODEL AT THE SOURCE FOR 2D/METAL CONTACT -

A MODIFIED RICHARDSON EQUATION:
Need analytically to obtain . Note that, = + is the total contact resistance offered by the source and drain sides, which are generally unequal. This is due to the presence of finite thermal barrier in the source side, while the electrons do not experience any such barrier on the drain side.
However, at large and , the source side barrier is diminished, and both sides contribute almost equally to . Owing to lack of thermal barrier, the drain side is also expected to be weakly dependent on and , leading to an approximate estimation of the drain side contact resistance as ≈ 0.5 × ( , , , ) which is bias independent. The source side component of is thus extracted as
. Thus, a current = will be delivered by the source contact diode if the complete bias is hypothetically applied across only the source contact diode. This is schematically explained in Figure 8 potential, the barrier height is extracted in Figure 10 , which will be valid for small Vds due to 1D
nature of the equations. Using only channel doping as a fitting parameter, we can obtain good agreement between the simulation (red lines) and the TLM extracted SBH. The deviation of , ( ) from linearity at higher gate voltage arises due to strong gate field screening. Using KPFM extracted in Figure 4 , and assuming , ≈ + , the individual components and are extracted at Vg=0. Also, using this ( = 0), we extract the doping of the monolayer MoS2 film underneath the contact, and using the same, the at non-zero Vg is also simulated (blue lines). At larger gate field, almost collapses, and dominates the total barrier. With an increase in Vds, also is suppressed, and the device enters a "zero thermal barrier" regime of 
VI. CONTACT RESISTANCE AND ITS LANDAUER LIMIT FOR 2D TMDC/METAL CONTACT INTERFACE
In Figure 11 , 
In Figure 6 (b), the 2 , limits are plotted for Au, Ni, and also for an ideal contact where = 0 is assumed. For comparison, ideal multi-layer limit is also shown using = 6. The obtained limits clearly allow provision for further technological improvement. Note that, at smaller Vg, the extracted decreases with an increase in temperature, due to enhanced thermionic emission efficiency. However, the trend diminishes and eventually reverses at higher bias (see Supplemental Material S7), where the thermionic emission efficiency does not change appreciably due to negligible barrier, but the carrier scattering under contact increases with an increase in temperature, in turn increasing contact resistance.
VII. CONCLUSION
In conclusion, using a combination of theoretical and experimental techniques, we investigated the nature of the carrier injection at the junction between a monolayer MoS2 and the contacting metal.
We have shown that the charge transfer between contact metal and MoS2 underneath plays a key role in such a contact, where the carrier from source is injected via two cascaded thermal barriers. 
APPENDIX: DERIVATION OF RICHARDSON EQUATION FOR VERTICAL CURRENT INJECTION IN METAL-2D SEMICONDUCTOR VERTICAL JUNCTION (DIODE DV)
The current injection mechanism in the vertical diode is a combined process of thermionic emission and tunneling through the vdw gap ( ) between the metal surface and the 2D material.
To model such carrier injection, we assume the 2D material as an almost perfect two-dimensional bias , the tunneling current can be obtained using first order perturbation theory:
Here, is the magnitude of electron charge, ℏ = ℎ/2 with ℎ is Planck constant, ( ) is the energy of corresponding state in the metal (2D semiconductor), ( ) is the Fermi-Dirac probability of carrier occupation at energy . The tunneling matrix element has been shown to be
Using the wave functions in equations (A1) and (A2), one can evaluate the matrix element in
where Ω = (Ω × Ω ) 1/2 . Using equations (A3) and (A5), and noting that only those electrons with an energy more than can tunnel through the vdw gap, we can re-write the current density
where is a normalization constant. The delta functions under the summation ensure conservation of in-plane momentum as well as conservation of energy during the elastic tunneling process. Note that, due to continuity equation, the current must be independent of , which ensures that = (= 0 ). This is expected, as we are only considering elastic tunneling.
For further evaluation, we convert the summation over 2D k-space into integral over energy, as follows:
Here we approximated the Fermi-Dirac distribution as Boltzmann distribution, and also assumed (shown in red solid line for Au and red broken lines for Ni) and the corresponding TLM extracted value (golden circle for Au and blue triangle for Ni), at small Vds using channel doping (6. The amount of shift is ~ 0.7 -0.8 eV. Such a shift indicates that the Fermi level (which is the reference for the measurement) is relatively shifted upward, closer to the conduction band, and hence implies that the samples on metals are doped more n-type compared with samples on SiO2. 
S3. Estimation of image force induced barrier lowering in monolayer 2D material
Convolution of source and the green's function gives the potential due to any arbitrary charge distribution when solved with the appropriate boundary conditions. The results for the three dielectric configuration shown in Figure S3 -1. helps to understand the role of image forces in altering the potential due to the point charge.
The image force terms arise from the difference in the dielectric surroundings which modifies the potential profile. .
The terms under the summation in the above potential expression are the contributions due to the charges induced at the two interfaces, i.e. due to the image force of the point charge, the nature of polarization being determined by the sign of the reflection coefficients. The image force terms will either strengthen or reduce the potential profile depending on the signs of 1 and 2 , and i.e., depending on whether the dielectric constant value of the surrounding media is lower or higher than the middle region.
In Here, we have assumed the van der Waals gap has a dielectric constant which is average of MoS2 and the other medium. The final expression yields about 0.25 eV suppression of Schottky barrier height using = 3.5Å. 
